The genetic structure of 10 populations (453 individuals) of stone loach ( Barbatula barbatula L.), a small bottom-dwelling cyprinid fish, in the littoral zone of Lake Constance, central Europe, was investigated by analysing the mitochondrial control region sequences and five microsatellite loci. An unexpectedly high degree of genetic diversity (up to 0.36%) and old estimated age of these populations (> 150 000 years) based on mitochondrial DNA (mtDNA) was found. These findings contrast with the relatively young age of the lake, which could be colonized by fish only after the last ice age around 15 000 BP . Stone loach appears to be an old species in a young lake. Both types of molecular markers showed population genetic structure pronounced in mtDNA (overall F ST = 0.15) but moderate in microsatellites ( F ST = 0.03). As predicted by its life history, philopatry, and limited capacity for dispersal, stone loach populations of Lake Constance show a clear pattern of isolation by distance. Geographic distances along the shores are the best explanation for the observed geographical distribution of genetic differentiation ( r = 0.88), indicating that open water represents a barrier for the dispersal of the stone loach. The colonization of Lake Constance might have occurred initially at one location and then populations spread throughout the lake in a stepwise manner following the shoreline, and subsequently remained largely genetically isolated as suggested by the large observed differences among them.
Introduction
The populations of most, if not all, species show some levels of genetic structuring. Analyses of the genetic population structure in many fish species revealed that individuals from different areas of a lake are typically genetically substructured into different local populations (e.g. Brunner et al . 1998; Douglas et al . 1999; Garant et al . 2000; Gerlach et al . 2001) . Even the European eel ( Anguilla anguilla ), often considered the classic example of a randomly mating (panmictic) population, because all individuals migrate to a common reproduction site in the Sargasso Sea, has recently been shown to be geographically structured (Wirth & Bernatchez 2001) . Genetic differentiation of local populations is caused, among other reasons, by environmental barriers and limited dispersal (e.g. Johnson & Gaines 1990) , which restrict migration and therefore limit gene flow.
The stone loach Barbatula barbatula L., 1758 is a small bottom-dwelling cyprinid fish, widely distributed in Eurasian freshwater habitats, common in shallow, fastflowing creeks, but also found in shallow areas of clear lakes (Muus & Dahlström 1968) . It requires rocky substrates and high levels of oxygen -making it sensitive to pollution (Wheeler 1992) . Stone loach is supposed to be a poor disperser, a character that together with its small size (max. 12-13 cm; Smyly 1955 ) and short lifespan (max. 5 years; Mills et al . 1983 ) might have important effects on Correspondance: Axel Meyer, the population substructure of its populations. Therefore, the stone loach appears to be an excellent model species for the study of population substructuring in a temperate environment. Its life history and biology predicts that the basic process shaping the population genetic structure of its populations might follow a model of isolation by distance. Fine-scale population structure studies of freshwater fish species are relatively scarce for temperate areas (but see e.g. Koskinen et al . 2001; Castric & Bernatchez 2003) but numerous ones have been conducted for populations in tropical zones, in particular in cichlid fishes. In this group of fishes, the use of rock-dwelling habits is often correlated to strong genetic subdivision and high levels of speciation (Van Oppen et al . 1997; Arnegard et al . 1999; Markert et al . 1999; Rico & Turner 2002; Taylor et al . 2001a) .
Here, we report on a study of the fine-scale population genetic structure of stone loach in the littoral area of Lake Constance, central Europe. This lake is the second largest pre-Alpine lake in Europe (571.5 km 2 ) and was formed by the Rhine glacier proceeding from the inner Alps, on the border between Western and Eastern Alps. The earliest colonization of this lake by fish might have taken place during the retreat of the most recent glacier 10 000 -15 000 bp (see Behrmann-Godel et al . 2004) . The basins of the Danube and Rhine rivers are thought to have acted as the most important refugia for freshwater fish in this area during the most recent ice age (e.g. Nesbø et al . 1999; Weiss et al . 2002; Salzburger et al . 2003) . Lake Constance is a deep lake (mean depth = 95 m; max. depth = 254 m), rather heterogeneous with alternation of deep and shallow areas, and rocky, sandy and muddy stretches (Fischer & Eckmann 1997a) . In the lake, the stone loach is confined to the littoral zone during its entire lifespan where it inhabits stony-gravel areas hiding in rocky crevices for shelter (Fischer & Eckmann 1997b) .
Probably because of the lack of economic interest in the stone loach, knowledge about this small species is somewhat limited. Many aspects of its biology still remain unknown, such as details about its spawning behaviour, basic physiology, and its ability for dispersal. The stone loach is an ideal species for the study of the genetic consequences of a rock-dwelling lifestyle because, unlike most other European freshwater fish species, there is no evidence for human induced faunal translocations in this species (it was, however, introduced between 1600 and 1700 to Ireland; Wheeler 1992) . Therefore, the current distribution of genetic variation within and among populations of the stone loach in Lake Constance is expected to reflect its natural geographical and population genetic history.
We used sequences of the mitochondrial DNA (mtDNA) control region and five microsatellite markers to study the fine-scale population structure of several populations of the stone loach in Lake Constance. We focused on two main questions: the colonization history of stone loach in Lake Constance, and the genetic differentiation between different populations distributed in the littoral zone of the lake. More specifically, we tested whether isolation by distance, defined as the increase of genetic differences with geographical distance (Wright 1943) , is the basic process shaping the structure of stone loach populations. Lastly, we discussed the consequences of the patchy distribution habitat-bound populations on the evolution and the potential for speciation of stone loach populations.
Materials and methods

Sample collection
Stone loach specimens were collected during two different seasons (December and June) for two consecutive years (December 2001 , June 2002 , December 2002 , June 2003 from 13 localities with stony-gravel substrate of the littoral zone (1-100 cm water depth) of Lake Constance. Fish were collected at 11 sites, separated by a regular distance of c . 4 km, along the shoreline of the northwestern part, called Lake Überlingen, of Lake Constance (sites 1-11; Fig. 1a ). Because this part of the lake contains a very deep zone and a relatively narrow stretch, it appears ideal to test the ability of the stone loach to cross profundal areas by looking at the genetic structure of its populations. Two localities in the northeastern part of the lake (upper lake, sites 12 and 13; Fig. 1a) were also sampled as a 'geographical control' of genetic diversity. Stone loach was entirely absent or occurred in extremely low abundance in three of those localities (sites 3, 5 and 7; see Table 1 ) and, hence, only 10 of the 13 sampled localities were included in the study. A maximum of 20 individuals per site for each sampling campaign were captured using electric fishing gear. A total of 453 individuals were collected and analysed (see Table 1 for further information). A fin clip was taken from each fish and preserved in 80% ethanol for laboratory analyses, and fish were released back in the lake.
mtDNA amplification and sequencing
Total DNA was isolated using a proteinase K digestion followed by sodium chloride extraction and ethanol precipitation (Bruford et al . 1998) . The complete mitochondrial control region (1100 bp) was amplified using published primers and polymerase chain reaction (PCR) conditions (Kocher et al . 1989; Meyer et al . 1994 ) with a GeneAmp PCR System 9700 Thermocyler (Applied Biosystems). The PCR products were purified using the QIAquick PCR Purification Kit (QIAGEN), and sequenced in both directions with the BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems). Sequencing products were analysed on ABI 3100 Automated Sequencer (Applied Biosystems). The mtDNA sequences of this study have been deposited in GenBank under the Accession nos AY833737-AY834171.
Microsatellite analysis
Five nuclear microsatellite loci were genotyped ( Bbar1 , Bbar3 , Bbar4 , Bbar7 , Bbar8 ; Taylor et al . 2001b) . Microsatellites were amplified with fluorescent reverse primers (FAM and HEX dyes) and fragment length was analysed with the internal size marker Genescan-500 ROX (Applied Biosystems) on an ABI 3100 Automated Sequencer (Applied Biosystems), and scored with genotyper version 3.7 (Applied Biosystems) software package.
Phylogenetic and statistical analyses
mtDNA control region. Mitochondrial DNA sequences were aligned by eye and different haplotypes were identified with collapse version 1.1 (Posada 1999) . All haplotypes found were plotted on an unrooted minimumspanning haplotype network (Fig. 1b) , according to the optimal tree obtained from a maximum-likelihood analysis in paup * version 4.0b10 (Swofford 2002) . A model of sequence evolution was chosen using a nested series of likelihood ratio tests (Huelsenbeck & Crandall 1997) applying modeltest 3.06 (Posada & Crandall 1998) . modeltest revealed that the optimal model of molecular evolution for our data set was Tamura and Nei (corrected Fig. 1 (a Numbers of localities are related to Fig. 1a . Names of localities are abbreviated (for complete names see legend in Fig. 1a ).
with a gamma parameter of α = 0.73 and a proportion of invariable sites of 0.90). The resulting tree was translated into a tree with maximum parsimony branch lengths. Average pairwise distances between haplotypes (not considering the number of individuals sharing each haplotype and therefore giving all haplotypes the same weight) were calculated and used to estimate the timing of cladogenic events of the stone loach lineage in this area. We used a molecular clock rate of 1% substitutions per site per million year (Myr), which is commonly used for freshwater fish in Europe -and appears more appropriate than the alternative suggested estimate of 2% substitutions per site per Myr (Smith 1992; Nesbø et al . 1999; Englbrecht et al . 2000; Bernatchez 2001; Koskinen et al . 2002; Weiss et al . 2002; Salzburger et al . 2003) .
A mismatch analysis was performed to study the demographic history of the species in the area (Fig. 2) . The observed pairwise mismatch distribution (including the information about the number of individuals that share each haplotype) was fitted to a sudden demographic model by computing the raggedness index of the observed distribution (Harpending 1994) and by a generalized least square procedure as implemented in arlequin version 2.001 (Schneider et al . 2000) . The validity of a stepwise expansion model for the data was tested by Markov chain Monte Carlo (MCMC) simulations (1000 steps) with arlequin . We computed the moment estimator of time to the expansion ( τ ), and the substitution parameters before ( θ 0 = 2 µ N 0 ) and after ( θ 1 = 2 µ N 1 ) expansion using a parametric bootstrap approach (1000 simulations), where µ is the mutation rate, and N is the female effective population size. With the equation τ = 2 µ t we inferred a timescale for the demographic expansion of the population (where t is the expansion time in generations), using an average generation time of 1 year (Breder & Rosen 1966) .
Genetic differences between seasons, years, and localities were estimated with pairwise F -statistics (Weir & Cockerham 1984) as implemented in arlequin . To determine how genetic variation was partitioned, arlequin was used to estimate the hierarchical nesting of genetic diversity using the analysis of molecular variance ( amova ) approach of Excoffier et al . (1992) . The percentage of the total genetic variation within and among populations was calculated. To test for isolation by distance, correlations between geographical and genetic distances were calculated applying a Mantel test with arlequin . The control localities 12 and 13 were excluded from the latter analysis. Two types of geographical distances were defined: the matrix of the shortest distances between sample sites (thus, connections through deep water were possible), and the matrix of the shoreline distances (allowing exclusively connections through shallow areas).
Microsatellites. The basic descriptive statistics, number of alleles, expected heterozygosity ( H E ) and observed heterozygosity ( H O ), were compiled using arlequin . Departure from Hardy-Weinberg equilibrium (HWE) for each locus across and within populations was calculated using a test analogous to Fisher's exact tests (Guo & Thompson 1992) estimated with a 100 000 step, 1000 iteration, MCMC series of permutations, as implemented in arlequin . Linkage disequilibrium (LD) was tested using arlequin for all possible pairs of loci in each population and globally for each pair of loci across populations. Allelic richness was standardized to the smallest sample size using a rarefaction model as calculated in fstat (Goudet 1995) . Differences between populations in (standardized) allelic richness was calculated with a Mann-Whitney U -test using statistica (Stat Soft, In c . 2003) .
Genetic structure between seasons, years, and localities was analysed by Wright's F -statistics (Weir & Cockerham 1984 ) based on differences in allele frequencies as implemented in arlequin . A hierarchical amova was performed with arlequin to estimate how variation was partitioned within and among populations. Correlations between geographical and genetic distances were calculated with a Mantel test using arlequin (control localities were not included).
Critical significance levels for multiple testing were corrected following the sequential Bonferroni procedure (Rice 1989) .
Results
Species distribution
The number of samples collected in the studied localities of Lake Constance during the different fishing campaigns is shown in Table 1 . Stone loach was practically absent from two recently 'renaturalized' areas of the lake (sites 3 and 5; see Fig. 1a ). The absence of stone loach in these newly available habitats might be explained by its limited capacity for dispersal and colonization. In contrast, a direct competitor for habitat of stone loach, the juveniles of the burbot, Lota lota (Pisces: Gadidae), which typically coexists with it in the shallow areas of the lake, and is characterized by large size and high mobility, was present in these areas in large numbers (personal observation). Both stone loach and burbot were virtually absent from a third locality (site 7, see Fig. 1a ) characterized by a very steep littoral profile with only a narrow shallow terrace (personal observation). Therefore, the limited samples from sites 3, 5 and 7 were excluded, and only 10 of the 13 localities sampled were included in the analyses.
Genetic diversity and demography inferred from mtDNA
Fifty-six different mitochondrial haplotypes were found among the 435 sequences of stone loach included in this study. The haplotypes differed from each other by 1-40 mutations in the 1100-bp-long alignment of the mitochondrial control region. An insertion of 36 bp was found between the positions 52-87 in haplotype 30 (Fig. 1b) 6 ]. An unrooted network tree which includes all haplotypes found in the lake is depicted in Fig. 1b . In the haplotype network, haplotype 25 was found as the most likely ancestral haplotype through which the most abundant haplotypes 16, 1, 38, and 53 are connected.
The average pairwise distance between haplotypes (the 36-bp insertion in haplotype 30 was excluded from this analysis) was 0.36% (SD = 0.21%), and the mean number of pairwise differences was 3.87 (SD = 1.97). We applied a molecular clock to roughly estimate the age of the stone loach lineages in the studied area, although we recognize the potential problems and limits associated with a molecular clock approach (see e.g. Hillis & Moritz 1995; Page & Holmes 1998) . Therefore, the divergence times obtained are presented here only as an approximation. We estimated a maximum age of the stone loach lineage in Lake Constance ranging from 150 000 to 570 000 years.
A mismatch analysis was performed to determine the recent demography of stone loach in Lake Constance (the 36-bp insertion in haplotype 30 was excluded from this analysis) (Fig. 2) . A model of sudden demographic expansion was not supported neither by a generalized-least square procedure ( S sd = 0.005, P < 0.001) nor by the raggedness index of the distribution (Rag. = 0.05, P < 0.05) indicating that much of the genetic differentiation observed appeared long before the invasion of the lake. The mean number of differences between haplotypes was 2.54. The moment estimator of time to the expansion ( τ ) was 2.48 (1.86-2.83) and the substitution parameters before ( θ 0 ) and after ( θ 1 ) expansion were 0.09 and 3446.95, respectively. With the equation τ = 2 µ t , where µ was assumed as 1% substitutions per site per Myr, we inferred that the timescale ( t ) of the most important demographic expansion of this species in the area was between 100 000 and 150 000 generations ago (the average generation time for this species is 1 year; Breder & Rosen 1966) , which is older than the age of Lake Constance ( c . 15 000 years).
Genetic diversity inferred from microsatellites
We assayed microsatellite variation across 453 individuals at five microsatellite loci. The number of alleles observed across all populations ranged from eight (Bbar1) to 60 (Bbar8) with an average of 22.4 alleles per locus. The number of alleles per locus and population is compiled in Table 2 . Expected heterozygosity averaged 0.80 across all loci and populations and ranged from 0.67 (Bbar1) to 0.97 (Bbar8). Observed and expected heterozygosities within populations are shown in Table 2 . Unfortunately, no previous information about levels of polymorphism for these loci is available (see Taylor et al. 2001b ) that could be compared with the present data. Significant deviations from HWE were found in all loci when the individuals from all populations were pooled, suggesting some subdivision among populations. Individual populations were mostly in HWE, and deviations were only found in three out of 50 comparisons (Table 2) . Disequilibrium between pairs of loci was nonsignificant in every comparison (P > 0.05). Allelic richness was similar in all sampled localities (Mann-Whitney U-test; P > 0.05).
Population genetic structure, AMOVA and Mantel test
All temporal comparisons between seasons and years were nonsignificant (P > 0.05), therefore all samples within localities were pooled for further analyses. We found pronounced genetic substructuring among stone loach populations from the littoral zone of Lake Constance based on both mtDNA sequences and microsatellites. F ST estimates between pairs of populations were significant in most cases (78 out of 90 comparisons; Table 3 ) and mostly only comparisons between adjacent populations failed to find significant differences. Comparisons based on mtDNA were about an order of magnitude larger than estimates based on microsatellites. The highest pairwise differentiation was found as expected in the mtDNA comparisons of the most distant population (Austria) with the remaining localities. However, the sample from the second control population (Langenargen) did not show such a large differentiation.
Based on mitochondrial data, the proportion of the total molecular variance attributable to differences between populations was 15%, which was significantly different from zero (P < 0.001). By contrast, little microsatellite variation was found between populations, explaining only 3% of the total variation, although still significantly different from zero (P < 0.001).
As suggested by its life history, a pattern of isolation by distance is strongly supported by these data for the stone loach. A highly significant correlation was found between genetic differentiation and geographical distance of populations along the shoreline of Lake Überlingen based on mtDNA sequences (r = 0.8829, P < 0.001; Fig. 3) . However, the correlation between shoreline geographical distances and genetic differences measured with microsatellites was not as strong, although we detected a marked tendency for it (r = 0.2980, P < 0.076). No correlation was found when genetic differentiation was compared with the shortest distances between populations connected by areas of deep water (mtDNA: r = 0.0376, P = 0.386; microsatellites: r = 0.0204, P = 0.458). (2) 14 (5) 25 (11) 6 (3) *Indicates loci with a significant deviation from Hardy Weinberg equilibrium after Bonferroni sequential correction. (Slatkin 1995) . Probability values: *P < 0.05, **P < 0.001, ns, nonsignificant.
Discussion
Colonization history of stone loach in Lake Constance
The stone loach in Lake Constance has an unexpectedly high genetic diversity that contrasts with the young age of the lake itself. The lake bed of Lake Constance was formed by the Rhine glacier during glacial periods and could only be colonized by fish after the retreat of the most recent glacier around 15 000 bp. The genetic diversity of stone loach populations in the area could have evolved in situ in the lake in this short period of time, but a more plausible explanation is that these lineages of stone loach were already genetically differentiated before the colonization of the lake. Although the application of a molecular clock for the estimation of divergence times may be problematic (see e.g. Hillis & Moritz 1995; Page & Holmes 1998) we used this approach to evaluate the two alternative hypotheses of the origin of the genetic diversity of stone loach. Assuming a mutation rate of 1% (substitutions per site per Myr), we estimated that the major expansion of this lineage happened around 132 000 bp, a date that predates the formation of Lake Constance by about an order of magnitude, and approximately corresponds to the last interglacial maximum (Dawson 1992; Hewitt 1999) . These data support the genetic differentiation of stone loach prior to the colonization of Lake Constance. The area surrounding the lake was covered with ice for c. 100 000 years before its formation (Dawson 1992) . Therefore, it is surprising that the stone loach populations in Lake Constance are genetically so differentiated. The marked stenotopy of stone loach renders it unlikely that a colonization of the area occurred from a geographically distant population since the last glaciation. Thus, stone loach populations might have survived in refugia in permafrost regions of Europe during the last glacial period. Several refugia might have existed in the area, which enlarge the overall diversity. Populations probably dispersed geographically gradually along ice-free rivers or temporal pro-glacial lakes from glacial refugia to their present habitats. Our data suggest that no major fragmentation of populations or genetic bottlenecks affected this species in the area during this time.
In addition, applying the same molecular clock calibration (1%), we estimated that the maximum age of the stone loach lineage inhabiting Lake Constance is older than the putative main expansion (c. 360 000 years). Therefore, this lineage might be relatively old, probably originated elsewhere (with one or several origins) and only rather recently, after the last interglacial event, successfully colonized the area of Lake Constance. The estimated maximum age of the stone loach in Lake Constance approximately corresponds to the time of expansion of other fish lineages associated with the Danube and Rhine rivers (Danube lineage of brown trout, Bernatchez 2001; mixed Rhine/ Danube lineage of grayling, Weiss et al. 2000 ; Danube/ Rhine lineage of vairone, Salzburger et al. 2003) , therefore fitting in the overall phylogeographical scenario of central Europe. Future sampling of stone loach from both the Danube and the Rhine rivers -main refugia for many freshwater fish species in the Alpine area (e.g. Nesbø et al. 1999; Weiss et al. 2002) -might reveal the genetic affiliation of the stone loach lineages in Lake Constance to populations from those basins.
High levels of genetic diversity, similar to the case of stone loach in Lake Constance, have been reported for at least two other fish species from central Europe: vairone, Leuciscus souffia (Salzburger et al. 2003) and bullhead, Cottus gobio (Englbrecht et al. 2000; Knapen et al. 2003; Knaepkens et al. 2004) . These three species, stone loach, vairone, and bullhead, coexist sympatrically in central European rivers, sharing the similar environmental preferences, such as cold water, stony substrates, and intolerance to low oxygen levels. Interestingly, they are all poor dispersers, and the argumentation that they maintain large genetic diversity in central Europe because they have survived in refugia within the permafrost regions of Europe during the last glacial period might apply to all of them.
The described situation in stone loach contrasts with the relatively low genetic diversity of some other freshwater fish species in central Europe, like brown trout (Bernatchez 2001 ), burbot (Van Houdt 2003 Van Houdt et al. 2003; Barluenga & Meyer unpublished) , chub (Durand et al. 1999 ), or Eurasian perch (Nesbø et al. 1999 BehrmannGodel et al. 2004) . Englbrecht et al. (2000) suggested that many of these species might have been almost completely eradicated from central and western Europe during the major glaciations, and one or a few refugial lineages have just recently recolonized this area. It seems clear that each species responded individually to the ice age and subsequent warming, based on their particular set of environmental conditions (Hewitt 1999) . Large-scale comparative population genetic studies of freshwater fish of central Europe would provide a comprehensive view of the genetic consequences of the last glaciation events on species with different life histories, and their effect on the current genetic diversity and geographical distribution patterns.
Barriers to dispersal and isolation by distance
Populations of stone loach from the littoral zone of Lake Constance were found to be differentiated on the basis of two types of neutral molecular markers -mtDNA sequences and microsatellite loci (Table 3 ). Both molecular markers showed consistent results. However, microsatellites population differentiation measures were about an order of magnitude lower than those of mitochondrial sequences. The relatively low number of microsatellite loci used (5) might be one cause of the poor resolution (see e.g. Koskinen et al. 2004 ). An alternative explanation might be that the high polymorphism of microsatellite loci is likely to underestimate genetic divergence between populations, as proposed by Hedrick (1999) . Microsatellites often have very high within-population heterozygosity, thereby reducing the maximum possible differentiation values (F ST ) (Hedrick 1999) .
Two alternative hypotheses could explain the genetic differences of fish from different locations in the lake: (i) Lake Constance was colonized by a large heterogeneous lineage of stone loach that differentiated in several rather isolated groups in diverse areas of the lake; or (ii) the lake was colonized by multiple genetically diverse lineages of stone loach from different refugia that posteriorly homogenized in the lake. The clear pattern of isolation by distance observed, i.e. increase of genetic differences with geographical distance (Wright 1943) , is more in accordance with the first hypothesis, as well as with stone loach life history, philopatry, and limited capacity for dispersal. Geographic distances -not allowing for connections through open water -are the best explanation for the observed geographical distribution of genetic variation between populations. Shoreline distances between populations explain 78% of the genetic variance in the mtDNA comparisons but only 0.09% of the genetic variance in microsatellite analyses (r 2 ). The poor correlation between geographical distances and nuclear genetic markers is not surprising in a population with such recent history since diploid markers go to fixation more slowly than haploid mitochondrial markers.
It seems clear that the open water represents a barrier for the dispersal of stone loach, and therefore, stone loach pioneers most likely followed the shoreline when they initially colonized the lake. Colonization must have occurred in a stepwise manner and, after the initial settlement, stone loach populations must have remained at least partially isolated to explain the current large genetic differences among them. The future collection of detailed bathymetric and substrate information (e.g. habitat discontinuities) might reveal which limnological parameters act as barriers to gene flow in this species. Our data suggest that distance alone might be sufficient to explain a significant portion of the observed genetic structure between the sampled populations. Substrate discontinuities and seasonal fluctuation of the level of the lake might influence the accessibility of some environments impacting the distribution and dispersal of populations.
In summary, the last postglacial colonization of Lake Constance by stone loach is likely to have originated by a rather large and heterogeneous lineage that followed a stepping-stone dispersal mode where migration occurred only between adjacent shoreline patches. Gene flow among the studied stone loach populations is very low and distance appears as the main isolating factor. The high stability of genetic populations over seasons and years (10% recapture rate; personal observation) supports this idea as well. Stone loach is an obligate littoral species in lacustrine environments unable to disperse across areas of deep water, a common phenomenon among littoral zone fish (e.g. Markert et al. 1999) . High oxygen requirements might act additionally as a physiological constraint preventing the vertical migration of stone loach.
Extremely fine-scale genetic population structure appears to be a general phenomenon common to poor dispersing fish species and guilds that are highly specialized on particular substrates finely partitioning the environment (Douglas et al. 1999; Reusch et al. 2001; Rogers et al. 2002) , and isolation-by-distance scenarios are common outcomes (e.g. Arnegard et al. 1999; Wang et al. 2000; Koskinen et al. 2001; Reusch et al. 2001; Taylor et al. 2001a) .
In temperate fish, examples of strongly structured populations exist, although studies on an extreme geographical fine scale are not common. Some studies report cases of isolation by distance in fish lineages inhabiting different streams (e.g. Wenburg et al. 1998; Wang et al. 2000) , or lineages inhabiting streams or lakes (e.g. Hendry et al. 2002) , but studies on the geographical genetic structures in continuous habitats are rare. One of the few exceptions is the exhaustive study by Castric & Bernatchez (2003) on the population genetic structure of the brook charr, a coastal fish endemic to northeastern North America, along its entire geographical range. Repeated instances of isolation by distance are reported in successive dispersal waves, and the restricted coastal distribution together with the loss of dispersal capabilities associated with anadromy is proposed as the main causes of the structuring.
In contrast to benthic fish with restricted dispersal, pelagic fish often comprise panmictic populations with no apparent barriers to migration, and therefore, little opportunity for isolation and genetic divergence. For example, in Lake Constance, the burbot (with pelagic adults but benthic juveniles), which is characterized by the yearly migration to common spawning areas within the lake, might comprise one single panmictic population (Barluenga & Meyer, unpublished) . Shaw et al. (2000) demonstrated a similar trend in at least 3 of the 21 described pelagic cichlid fish from Lake Malawi. They found that these species had lake-wide distributions and formed single panmictic units across the lake. They suggest that along the 500-km long Lake Malawi, the habitats for these species would remain homogeneous favouring the uniformity of the populations. In conclusion, while pelagic habits generally seem to prevent genetic divergence in allopatry, benthic bottom dwelling habits appear to promote isolation and differentiation of fish populations.
Evolutionary implications of life histories
High levels of substructuring between adjacent populations might be expected to facilitate speciation. Particularly in small isolated populations, drift, adaptation to local conditions or sexual selection will have important effects on gene frequencies. Therefore, one would expect that species with poor dispersal capabilities and high levels of substructuring exhibit high levels of intraspecific variation in some traits (e.g. Van Oppen et al. 1997 ). This appears, however, not to be the case for stone loach, where no appreciable variation in morphological, physiological, or behavioural traits has been detected so far. Similar discordances between morphological and genetic differences have been documented in other fish groups (e.g. Shaw et al. 2000; Wang et al. 2000; Taylor & Verheyen 2001) . Therefore, high levels of genetic substructuring alone do not seem to be sufficient to promote high levels of speciation. This suggests that other species-specific factors might influence whether groups speciate or not, such as breeding behaviour (Mayr 1984) .
